The antifungal activity of polyoxin A against Alternaria kikuchiana disappeared in the presence of glycylglycine, glycyl-L-alanine, glycyl-L-valine and glycyl-Lleucine at a concentration 500 times higher than that of the antibiotic, while some amino acids and nucleosides showed no effect. Dipeptides, amino acids and nucleosides did not antagonize to the inhibition of isolated chitin synthetase by polyoxin A. Effects of these dipeptides on the uptake of polyoxin A into the cell and on the inhibition of chitin biosynthesis by the antibiotic were investigated by incubating the washed mycelia of A. kikuchiana with 3H-polyoxin A and 14C-glucosamine in the presence or absence of dipeptides. It was found that the dipeptides at a concentration of 10 mM reduced 70-80% of the uptake of polyoxin A, which was initially added to the incubation mixture at a concentration of 19 4aM, and at the same time they recovered 40-80% of the inhibition of 14C-glucosamine incorporation into chitin. Amino acids tested showed a slight antagonistic effect and nucleosides did not affect on the antibiotic uptake and the inhibition of chitin biosynthesis. Lineweaver and Burk plot showed that the inhibition of 14C-polyoxin A uptake by glycylglycine was evidently a competitive type. The uptake of 14C-glycylglycine by the washed mycelia decreased with the increasing order of polyoxin-resistance in various strains of A. kikuchiana. This result showed a good agreement with that obtained in 14C-polyoxin A uptake by the same strains. On the other hand, the uptakes of 14C-amino acid mixture, 14C-uracil and 14C-glucosamine were independent of the polyoxin-sensitivity.
INTRODUCTION
Polyoxins are antifungal antibiotics produced by Streptomyces cacaoi var. asoensis. l' The antibiotics strongly inhibit the biosynthesis of cell wall chitin in the sensitive fungi and the primary effect of the antibiotics is competitive inhibition of chitin synthetase (EC 2. 4. 1. 16). [2] [3] [4] [5] [6] [7] [8] [9] [10] In the recent papers,10-11) we have studied on the mechanism of polyoxinresistance in Alteynayia kikuchiana, a pathogen of pear black spot. It has been concluded that the polyoxin-resistance is due to a decreased absorption of the antibiotics through cellmembrane to the site of primary action.
Mitani and Inoue12) reported that some dipeptides such as glycylglycine, glycyl-L-alanine and glycyl-DL-valine recovered the growth inhibition of Pellicularia sasakii caused by polyoxin B and D or a mixture of polyoxins D, E and F.
In the previous paper8' from our laboratory, it was described that glycyl-DLvaline reversed the inhibition of the chitin biosynthesis by polyoxin B in the washed mycelia of Pyricularia oryzae. However, the dipeptide showed no effect on the inhibition of chitin synthetase in cell-free system. From these results it was supposed that glycyl-DLvaline acted as a competitor of polyoxin B for uptake into the cell.
In the present paper we investigate effects of some amino acids, nucleosides and peptides on the uptake of radioactive polyoxin A by the washed mycelia of A. kikuchiana and on the inhibition of chitin biosynthesis caused by the antibiotic absorbed into the cell. In addition, the relation between uptakes of 14C-polyoxin A and 14 C-glycylglycine by the polyoxin-sensitive and -resistant strains is studied. The purpose of the present study is to extend our knowledge on the mode of polyoxin uptake by the cell of A. kikuchiana.
MATERIALS AND METHODS 1. Chemicals
Carbon-14 and tritium labeled polyoxin A (1. 6 and 3. 1 mCi/mmole, respectively) was prepared according to the method described previously. 13' Nonlabeled polyoxin A, blasticidin S14' and pronase were obtained from Kaken Chemical Co., Ltd. Radioactive compounds D-[1-14C]glucosamine (G1cNH2, 58 mCi/mmole), [1-14C] (UDPG1cNAc) was prepared as described previous1y. 15 ' Glycine, L-alanine, L-valine, L-leucine, glycylglycine, glycyl-L-alanine, glycyl-L-valine, glycyl-L-leucine, glycylglycylglycine, uridine and thymidine were purchased from Wako Pure Chemical Industries, Ltd. Chitinase and nonlabeled UDP-G1cNAc were purchased from Nutritional Biochemicals Corp. and Boehringer Manheim GmbH, respectively. N-Lauroyl-Lvaline16' was a generous gift from Ajinomoto Inc.
Fungal Strains1 a, 11)
The polyoxin-sensitive strains of A. kikuchiana, Es-1 and Ns-9, intermediately resistant strain Nr-8, and highly resistant strain Yr-107 and Ar-2 were used in the experiments. Cultune conditions and preparation of washed mycelia have been described elsewhere. 10' 11
Fractionation o f Cell Constituents
For the incorporation studies of labeled compounds, 5 g of the washed mycelia were suspended in 100 ml of 0. 066 M phosphate buffer, pH 6. 8, and 3 ml of the resulting mycelial suspension was incubated with labeled compounds for an appropriate time interval at 27C on a reciprocal shaker. After incubation, the mycelia were collected by filtration on a glass filter (51G3) and washed quickly with three 5 ml portions of ice-cold phosphate buffer. Then they were suspended in 5 ml of ice-cold 5 % trichloroacetic acid (TCA) solution, and TCA soluble fraction was obtained by centrifugation.
Radioactive polyoxin A taken up into the mycelia was extracted by the TCA solution. Lipids and nucleic acids were isolated from the residual mycelia according to the method of Schneider. 17' Protein and chitin in the residue were solubilized by treating with 3 mg of pronase at pH 8. 0 and 1 mg of chitinase at pH 6. 4, respectively, for 20 hr at 45C. An aliquot of 0. 1 ml of each fraction and 15 ml of dioxane scintillation fluidly were added into a counting vial. The samples were counted on a Packard Tri-Carb liquid scintillation spectrometer.
Other Methods
Antifungal activity of polyoxin A was measured by the spore germination test. 1" Preparation of chitin synthetase and assay of the enzyme activity were carried out as described previously. 10) RESULTS
Effects o f Nucleosides, Amino Acids and
Peptides on the Anti fungal Activity of Polyoxin A As shown in Table 1 , the germ-tube elongation in 70% of the spores of sensitive strain Es-1 was inhibited by 20au polyoxin A. Some nucleosides, amino acids and peptides were added at a concentration of 10 mM to investigate the effects of these compounds on the inhibition of germ-tube elongation by the antibiotic (Table 1) . Dipeptides, glycylglycine, glycyl-L-alanine, glycyl-L-valine and glycyl- Table 1 Effects of nucleosides, amino acids and peptides on the antifungal activity of polyoxin A. Spore suspensions (about 1X108 spores/ml sterile water) were prepared from the sensitive strain Es-1 of Alternaria kikuchiana. Portions of 0.2ml of the suspension were incubated for 24 hr at 28C on a slide glass with or without addition of polyoxin A and each compound at concentrations of 20 M and 10 mM, respectively.
The number of spores with normal germ-tubes was counted under a light microscope.
L-leucine, showed a strong antagonistic effect, but nucleosides and amino acids tested scarcely affected on the polyoxin-inhibition. Glycylglycylglycine partially reversed the inhibition.
Effects of Nucleosides, Amino Acids and
Peptides on Chitin Synthetase Inhibition by Polyoxin A Chitin synthetase was prepared from the sensitive strain Es-1. Polyoxin A at 20 JIM inhibited 78% of the enzyme activity ( Table 2) . Each compound described above did not show any antagonism to the enzyme inhibition at a concentration of 10 mM (Table 2 ). Uridine and thymidine enhanced a little the enzyme inhibition, since, as noted previously, 9' they were competitive inhibitors of chitin synthetase.
Peptides on 3H-polyoxin A Uptake and the Inhibition of Chitin Biosynthesis The uptake of polyoxin A into the cell and 2) and 10, ul of chitin synthetase preparation from Alternaria kikuchiana sensitive strain Es-1 in a total volume of 100, al. The incubation was carried out for 10 min at 25C with or without addition of polyoxin A and each compound at concentrations of 20, uM and 10 mM, respectively. Chitin formed was separated by Avicel thin layer chromatography and the radioactivity was counted on a liquid scintillation spectrometer.
the biosynthesis of cell wall chitin were simultaneously observed by incubating the washed mycelia of sensitive strain Es-1 with the tritium labeled antibiotic and 14C-G1cNH2 (Table 3) . At a concentration of 19 JIM, 3H-polyoxin A inhibited 69% of the incorporation of 14C-G1cNH2 into chitin. It was found that, in the presence of 10 mM each dipeptide, 40-80% of the inhibition of chitin biosynthesis by polyoxin A was reversed simultaneously with the decrease of 70-80% of the antibiotic uptake. Glycylglycylglycine depressed the antibiotic uptake at a similar rate to those caused by the dipeptides and prevented the inhibition of chitin synthesis by the rate of 32%. In the case of amino acids, the antibiotic uptake modelately decreased and the inhibition of chitin synthesis was somewhat restored with increasing carbon chain length. Uridine and thymidine hardly affected them.
Effects of Glycylglycine and Glycyl-L-
V alive on the Uptake of Polyoxin A and the Inhibition of Chitin Biosynthesis In the above experiments concentration of the dipeptides was about 500 times higher than that of polyoxin A. In the experiment shown in Table 4 , glycylglycine and glycyl-Lvaline were added at a concentration 1000 times higher than that of the antibiotic. They depressed about 80% of polyoxin A uptake and prevented 90-100% of the inhibition of 14C-G1cNHZ incorporation into chitin. That is to say, at the concentration investigated here, each dipeptide allows little or no polyoxin A to be transported to the site of inhibitory action. Though about 20% of the antibiotic is apparently taken up by the mycelia in the presence of dipeptides, as described in details latter, it must be adsorbed on cell surface, Table 3 Effects of nucleosides, amino acids and peptides on polyoxin A uptake and chitin biosynthesis inhibition in the sensitive strain Es-1 of Alternaria kihuchiana. Washed mycelia of the strain Es-1 were incubated with 14C-G1cNH2 (0. 03 pCi) in the presence or absence of 3H-polyoxin A (0. 3 4uCi) and each compound at concentrations of 19, aM and 10 mM, respectively.
Experimental details were the same as described in the text except that the incubation time was 120 min.
* Expressed
as dpm x 10-3 per 20 mg of dry mycelia. and this adsorbed antibiotic has no effect on the chitin synthesis.
5. Competitive Inhibition of Polyoxin A Uptake by Glycylglycine The inhibition of 14C-polyoxin A uptake by glycylglycine was studied as a function of the antibiotic concentration by using the washed mycelia of sensitive strains Es-1 and Ns-9. The data obtained were plotted according to the method of Lineweaver and Burk. 18' These double reciprocal plots indicated that glycylglycine was evidently a competitive inhibitor of the uptake of polyoxin A into the cell of the fungal strains (Fig. 1) . Values of Michaelis constant (Km) for polyoxin A and inhibitor constant (Ki) for glycylglycine were calculated from the above plots. The Km and Ki values obtained in the strains Es-1 and Ns-9 were i.43x10-4M, 1.96x10-3M and 1.82x10-4 M, 3.22x10-3M, respectively.
6. Antagonism of Glycylglycine to Polyoxin A Uptake in the Sensitive and Resistant Strains of A. kikuchiana It has been described previously that there are two different mechanisms for the uptake of polyoxin A by the washed mycelia of A. kikuchiana. '1 One is the absorption of the antibiotic through cell membrane into the cell and the other is the adsorption on the cell surface. The former is probably mediated by Experimental details were the same as described in the test except that the incubation time was 30 min. 0 None, O+10 mM Glycylglycine.
Strain Es-1 Strain Ns-9 Table 5 Antagonism of glycylglycine to 3H-polyoxin A uptake in the sensitive and resistant strains of Alternaria kikuchiana. Washed mycelia of each strain were incubated with 21 1uM 3H-polyoxin A (0. 16 PCi) in the presence or absence of 10 mM glycylglycine for 120 min at 27C. Experimental details were the same as described in the text.
an active transport system and its capacity decreases with a rise in the level of polyoxinresistance. While the latter is not affected by the conditions given, e. g. addition of sodium azide and variation of pH, and does not decrease so much as the absorption with increasing the resistance. Thus the rate of the absorption to the adsorption of polyoxin A in the resistant mycelia is far less than that in the sensitive mycelia. In the case of sensitive mycelia, the adsorption is estimated at about 20% of the total uptake of polyoxin A. '1) In this experiment, the effect of glycylglycine on 3H-polyoxin A uptake by the sensitive and the resistant strains was investigated to know in more detail the mode of antagonistic action of the dipeptide. As noted previously, 11 the uptake of 3H-polyoxin A decreased with the increasing order of polyoxinresistance (Table 5 ). By addition of 10 mM glycylglycine the antibiotic uptake in the sensitive strain Ns-9 was depressed markedly. The effect of the dipeptide, however, became to be lowered with increasing the level of the resistance. These findings indicate that glycylglycine must be a competitor against the absorption of polyoxin A into the fungal cell.
Time Course of Uptake of 14C-Glycylglycine
and '4C-Amino Acid Mixture In the first experiment, the washed mycelia of strains Es-1 (sensitive) and Yr-107 (resistant) were incubated with 14C-glycylglycine, and the radioactivities incorporated into TCA soluble and protein fractions were measured at various time-intervals. As shown in Fig. 2  (left) , the dipeptide incorporation into each fraction of the sensitive strain was significantly greater than that into corresponding fraction of the resistant strain during the course of an incubation. Thus, as same as for polyoxin A uptake, the resistant mycelia has a evidently reduced capacity for the uptake of glycylglycine. In other experiment, 22 mNi glycine was added to the incubation mixture (Fig. 2,  right) .
Incorporation of 14C-glycylglycine into each fraction of the sensitive strain was also greater than that into the fractions of the resistant strain. The radioactivity incorporated into the TCA soluble fraction of each strain In another experiment, 14C-amino acid mixture was used to investigated whether the uptake of amino acids, which hardly antagonize to the inhibitory action and uptake of polyoxin A, is associated or not with the antibioticsensitivity. As shown in Fig. 3 , the uptakes of 14C -amino acid mixture by the sensitive Es-1 and resistant Yr-107 strains were analogous to each other during the first 15 min. After that the uptake by the latter strain was a little larger than that by the former.
Uptakes of 14C-Glycylglycine, 14C-Amino
Acid Mixture and 14C-Uracil by the Sensitive and Resistant Strains The washed mycelia of sensitive and resistant strains were incubated with 9. 3, aM and 1 mM of 14C-glycylglycine, and the radioactivities incorporated into TCA soluble and protein fractions were measured (Table 6 ). In either concentration, it was found that the incorporation of 14C-glycylglycine into each fraction decreased clearly with the increasing level of polyoxin-resistance. It is very interesting that this result is the same as that observed in the uptake of polyoxin A.
In a similar experiment, the washed mycelia of the above strains were incubated with '4C-amino acid mixture or 14C-uracil. Incorporations of amino acids into TCA soluble and protein fractions, and incorporations of uracil into TCA soluble and ribonucleic acid fractions were determined. As shown in Table 7 and 8, the uptake of each compound, in contrast with those of polyoxin A and glycylglycine, did not differ so much among strains tested. Also Table 6 Incorporation of 14C-glycylglycine into TCA soluble and protein fractions by the sensitive and resistant strains of Alternaria kikuchiana. Washed mycelia of each strain was incubated with 9. 3 M and 1 miss 14C-glycylglycine (0. 5 p Ci) for 90 min and 180 min, respectively. Experimental details were the same as described in the text. 9. Effects o f EDTA, Sodium Lauryl Sulphate and Some Metabolic Inhibitors on the Uptakes of 14C-Polyoxin A and 14C-Glycylglycine As shown in Table 9 , the uptakes of 14C-polyoxin A and 14C-glycylglycine by the washed mycelia of sensitive strain Es-1 were affected similarly by the addition of various compounds. Sodium azide, sodium lauryl sulphate and N-lauroyl-L-valine markedly inhibited the incorporations of the antibiotic and the dipeptide, though the inhibition of polyoxin A uptake was somewhat lesser extent than that of glycylglycine uptake. EDTA inhibited about 50 and 20% of the uptakes of polyoxin A and the dipeptide, respectively. The rate of inhibition of each uptake by blasticidin S was similar to that by EDTA.
Iodoacetic acid showed the least inhibitory activity. In the case of inhibition of glycylglycine uptake by blasticidin S, 50% of the incorporation of radioactivity into TCA soluble fraction was increased concurrently with the strong inhibition of that incorporation into protein fraction. Blasticidin S has been known as an antibiotic which is a potent inhibitor of protein synthesis. 1" This fact indicates that the increased accumulation of the radioactivity in TCA soluble fraction caused by the antibiotic is probably due to Table 7 Incorporation of 14C-amino acid mixture into TCA soluble and protein fractions by the sensitive and resistant strains of Alteynayia kikuchiana. Washed mycelia of each strain was incubated with 14C-amino acid mixture (1. 25 aCi) in the presence or absence of 10 mM glycylglycine. Experimental details were the same as described in the text except that the incubation time was 90 min. Table 8 Incorporation of 14C-uracil into TCA soluble and ribonucleic acid fractions by the sensitive and resistant strains of Alteynayia kikuchiana. The experiment was carried out as described in Table 7 except that 14C-uracil (0. 5 4uCi) was used instead of 14C-amino acid mixture.
the strong inhibition of utilization of glycine for protein synthesis, since, as described above, this is a degradation product from glycylglycine.
Effects of Metal Ions on the Uptakes of 14C -Polyoxin A and 14C-Glycylglycine
The close correlation found between the uptakes of 14C-polyoxin A and 14C-glycylglycine was demonstrated here again (Table  10) . Metal ions, Cat, Mn2+ and Zn2+, stimulated the respective uptake to 2-3 times. On the other hand, Mg2+ was not so effective and Fe2+ and K+ had no effect on the uptake. In this experiment, Tris-malate-NaOH buffer was used instead of phosphate buffer to investigated the effect of K+ ion. If KOH was used for the preparation of buffer solution, of course, the effect of Na+ ion could be observed. The change of the buffer solution decreased about 80% of both polyoxin A and glycylglycine uptakes. Since K+ ion has no effect, the decreased uptakes do not result from the absence of this ion in the buffer solution. Though the reason for this finding is not known, the close correlation between both uptakes is also confirmed.
11. Effect of pH on the Uptakes of 14 C-Polyoxin A and 14C-Glycylglycine As shown in Fig. 4 , the pH dependency on the uptakes of 14 C-polyoxin A and 14 Cglycylglycine by the washed mycelia of sensitive strain Es-1 were quite alike. The pH curves for polyoxin A and glycylglycine uptakes altered little over pH ranges 5. 3-6. 5 and 5. 3-6. 8, respectively, and above these pH ranges they showed rapid falls. The results obtained by using polyoxinresistant strains favor the above discussion. The resistant strains have a decreased ability for taking up glycylglycine like for the polyoxins.
They may hardly utilize naturally occurring dipeptides for their protein synthesis. The uptakes of polyoxins and the dipeptides through the cell-membrane into the cell are presumably mediated by a similar system, and they are distinguishable from those of other compounds such as uracil, amino acids and G1cNH2. Polyoxin-sensitive strains are compelled to take up the polyoxins, which are essentially harmful to the cell, through such a very resembled uptake system to that for the dipeptides.
Since the uptakes of polyoxin A and glycylglycine are strongly inhibited by sodium azide, while affected a little by iodoacetic acid, the above uptake system is supposed to be dependent on an energy-requiring process, in which sulfhydryl groups probably do not participate.
The inhibition by EDTA may be due to chelation of this compound with some metal ions, e. g. Cat, Mn2+ and Zn2+, which act as a stimulator for the uptakes.
The resistance can not be caused by produc- ing and secreting of dipeptides by the resistant strains, because mycelia were used in the experiments after washing. And it must be impossible that they produce some dipeptides at a high concentration, which is antagonistic enough to polyoxin A uptake during the period of incubation.
